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ABSTRACT 

The anti-silencing function protein 1 (Asf1) is a 
chaperone that forms a complex with histones H3 
and H4 facilitating dimer deposition and removal 
from chromatin. Most eukaryotes possess two 
different Asf1 chaperones but their specific func- 
tions are still unknown. Trypanosomes, a group of 
early-diverged eukaryotes, also have two, but 
more divergent Asf1 paralogs than Asf1 of higher 
eukaryotes. To unravel possible different functions, 
we characterized the two Asf1 proteins in 
Trypanosoma brucei. AsfIA is mainly localized in 
the cytosol but translocates to the nucleus in 
S phase. In contrast, AsfIB is predominantly 
localized in the nucleus, as described for other or- 
ganisms. Cytosolic Asf 1 knockdown results in accu- 
mulation of cells in early S phase of the cell cycle, 
whereas nuclear Asf1 knockdown arrests cells in 
S/G2 phase. Overexpression of cytosolic Asf1 in- 
creases the levels of histone H3 and H4 acetylation. 
In contrast to cytosolic Asf1, overexpression of 
nuclear Asf1 causes less pronounced growth 
defects in parasites exposed to genotoxic agents, 
prompting a function in chromatin remodeling in 
response to DNA damage. Only the cytosolic Asf1 
interacts with recombinant H3/H4 dimers in vitro. 
These findings denote the early appearance in evo- 
lution of distinguishable functions for the two Asf1 
chaperons in trypanosomes. 



INTRODUCTION 

Anti-silencing function 1 (Asfl) is a chaperone specific for 
histone H3 and H4 heterodimers. This protein was 
identified by its capacity to induce expression of telomeric 
silenced genes in yeast (1,2). More recently, Asfl was 
found to participate in the deposition and removal of 
histone H3 and H4 during several biological processes 
such as DNA replication, transcription and DNA 
damage repair (3). Asfl also plays a role in cell cycle regu- 
lation through the interaction with the checkpoint kinase 
Rad53 in yeast (4,5). Furthermore, Asfl is the substrate of 
Tousled-like kinases during cell cycle progression and on 
DNA damage response (6). In addition, Asfl is required 
together with SWI/SNF proteins for the activation of pro- 
moters of DNA damage stress responses during transcrip- 
tion (7). When associated with Rttl06 histone 
acetyltransferase, Asfl also participates in the control of 
histone gene transcription during S phase (8,9). 

Asfl proteins display a highly conserved N-terminal 
region that interacts with histone H3 and H4 (10-12) and 
with other histone processing molecules, such as the chro- 
matin assembly factor I (13,14) and HIRA chaperone (15). 
These interactions are required for nucleosome assembly 
and disassembly (16,17). In contrast, the C-terminal 
domain of Asfl is more variable. It is not required for chap- 
erone function but it is associated with regulatory roles of 
the protein (18). For example, it is necessary for interaction 
with the chromatin fiber (19), transcriptional silencing and it 
mediates binding of histones to Rad53 (20). Heterogeneity 
of the C-terminal tails most likely accounts for different 
functions of Asfl proteins in eukaryotes (21,22). 
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In some species there are two isoforms of Asfl, called 
AsflA and AsflB, mainly distinguishable by differences in 
the C-terminus (6). The reasons why there are two inde- 
pendent isoforms are not well understood. AsflB facili- 
tates histone deposition during replication, but does not 
participate in replication-independent nucleosome depos- 
ition, which is mediated by AsflA and HIRA (23). 
Interestingly, although both Asfl proteins are localized 
in the nucleus, only AsflB was proposed to be involved 
in the transport of the H3/H4 heterodimers from the 
cytosol to the nucleus (24). 

In trypanosomes, a group of protozoan parasites, two 
Asfl isoforms (AsflA and AsflB) are involved in cell cycle 
progression and were described as substrates for a 
Tousled-like kinase (25). AsflA has been implicated in 
the control of the exclusive transcription of a single 
variant surface glycoprotein (VSG) gene out of several 
hundreds by affecting the chromatin structure in the telo- 
meric expression sites in Trypanosoma brucei. (26). When 
we compared the two Asfl isoforms in trypanosomes, we 
found different C-terminal sequences (Supplementary 
Figure SI). A phylogenetic tree generated with the 
protein alignments clearly indicates that Asfl chaperones 
in trypanosomes are more divergent than in other organ- 
isms (Figure 1). As trypanosomes are early divergent eu- 
karyotes and display unique features regarding the control 
of gene expression (27,28), DNA replication (29,30) and 
repair (31,32), we decided to further investigate the func- 
tions of these proteins in T. brucei. We confirmed that 
depletion of the proteins arrest the cells in S phase, 
although at different moments. More important, we 
observed strikingly different cellular localizations and 
functions for these two forms of Asfl. 



MATERIALS AND METHODS 

Parasites 

Procyclic form (PCF) of T. brucei strains Lister427 and 
29-13 (33) was cultivated in SDM-79 medium (34) in 
the presence of 10% fetal bovine serum (FBS) at 28°C. 
hygromycin B (50ug/ml) and geneticin (15ug/mi) were 
added to strain 29-13 cultures. Bloodstream trypo- 
mastigotes (BSF) strain 427 was maintained in HMI-9 in 
the presence of 10% FBS at 37°C (35). Transfections were 
performed using 5 x 10 6 PCF resuspended in 200 ul of 
Zimmerman's Post Fusion Medium (ZPFM) buffer (36) 
with 5 ug of plasmid DNA in 0.2-mm cuvettes and 
program U33 of Amaxa Nucleofactor (Lonza). 
Transfectants were selected and cloned in the same 
medium containing phleomycin (5 ug/ml) or blasticidin 
(2.5 |ig/ml) according to the used plasmid. For RNA 
interference (RNAi) induction, 1 ug/ml tetracycline (Tet) 
was added every day to the culture. To analyze the effect 
of genotoxic agents, 1 x 10 6 cells/ml were induced (or not) 
with Tet and treated either with 0.001% methyl 
methanesulfonate (MMS, Sigma-Aldrich) or subjected to 
y-irradiation (40 Gy). Cell numbers were determined in 
Neubauer counting chambers in three independent experi- 
ments, and statistical analysis was performed with Prisma 
software. The presented data are results of experiments 



performed with single clones and correspond to independ- 
ent experiments performed separately. Nevertheless, 
similar results were obtained with more than one clone. 
Non-clonal populations were used in the case of Myc-tags 
at the N-terminus. 

DNA cloning and plasmid constructions 

Gene fragments were amplified by polymerase chain 
reaction (PCR) with DNA extracted from PCF 427 as in 
(37). The PCR fragments were purified by agarose gel 
electrophoresis, cloned in pGEM®-T Easy Vector 
(Promega) and the inserts confirmed by restriction 
analysis and DNA sequencing before transfer to the 
final vector. For cloning into pET14b vector (Novagen), 
AsflA gene (TriTryp database IDs Tb927. 1.630) was 
amplified using AsflAFowNde (5'-CATATGAGCATAC 
AACCAATT) and AsflARevBamHI (5'-GGATCCTCA 
TCTGGGTTCAAGTGC) primers. AsflB gene 
(Tb927.8.5890, respectively) was amplified using 
Asfl BEcoRIfow (5'-GAATTCACCACAGCCGGT 
CAG) and the AsflBNotRev (5'- GCGGCCGCTTAAC 
GGTGGTGC-TTTTCTTTC) primers and inserted in 
pET28a (Novagen). pZJM-AsflA fragment was amplified 
using primers AsflAHindlllFow (5'-AAGCTTATGAGC 
ATACAACCAATTG) and AsflAXhoRev (5'- CTCGAG 
TCTGGGTTCAAGTGCTTC) and digested with Hindlll 
and Xhol. pZJM-AsflB fragment was amplified using 
primers AsflBHindFow (5' AAGCTTATGACCACAGC 
CGGTCAG) and AsflASallFow (5'-GTCGACATGACC 
ACAGCCGGTC) and digested with Hindlll and Sail. 
For cloning into pRP6Myc and pNAT6Myc (38); inserts 
were generated with AsflAAvrllFow (5'-CCTAGGAGC 
ATACAACCAATTGTAC) and AsflARevBamHI 
primers, and AsflBAvrllFow (5'-CCTAGGACCACAG 
CCGGTCAGTC) and AsflBBglllRev (5'-AGATCTTT 
AACGGTGGTGCTTTTC) and digested with Avrll and 
BamHl (AsflA) or Avrll and Bglll (AsflB). pN AT Asfl A 
(AsflB-12)-Myc was prepared using Hindlll and Xbal 
digested PCR products amplified with AsflAHindFow 
and AsflAXbalRev (5' TCTAGATCTGGGTTCAAGT 
GCTTC) or AsflBXbaRev (5'-TCTAGAACGG-TGGT 
GCTTTTCTTTC). To generate Asfl proteins fused 
to the N-terminus of maltose binding protein (MBP), 
AsflA and AsflB coding sequences were amplified by 
PCR from genomic DNA using the following primers: 
Asfl A_for (5'-CGGG ATCC ATGAGCATAC AACCAA 
TTGTACAAC); AsflA_rev (5'-ACGCGTCGACTCAT 
CTGGGT TCAAGTGCTTC); AsflB_for (5'-ATGACC 
ACAGCCGGTCAGTC); AsflB_rev (5'-CCCCAAGCT 
TTTAACGGTGGTGCTTTTCTTTC), respectively. 
PCR products were cloned into the expression vector 
pMAL-c2X (New England BioLabs) digested with 
BamHI/Sall (for AsflA) or Xmnlj Hindlll (for AsflB). 

Antibodies 

Antibodies specific for AsflA and AsflB were prepared by 
immunization of rabbits and mice using recombinant 
proteins obtained in Escherichia coli BL21 DE3 strain 
after induction with 0.5 mM isopropyl P-D-l- 
thiogalactopyranoside for 14 h at 28°C. Bacterial pellets 
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Figure 1, Phylogenetic analysis reveals that Asfl paralogs in trypanosomatids are more divergent compared with those in other eukaryote species. 
The tree was constructed based on the genetic distance model representing the consensus of 100 bootstrap iterations of the alignment generated by 
neighbor joining, using the Geneious software and the sequences shown in Supplementary Figure SI. The numbers indicate the consensus support in 
percentage, and the line indicates the distance scale. 



were resuspended in Bug Buster Protein Extraction 
Reagent (Novagen), and soluble proteins were purified 
using a Ni-Sepharose High Performance column (GE 
Healthcare Life Sciences) equilibrated in 20 mM Tris- 
HC1 (pH 7.5), 500 mM NaCl and 40 mM imidazole. 
After extensive washes (500 column volumes), the 
proteins were eluted in the same buffer with 500 mM imid- 
azole. Affinity-purified antibodies to Asfl A were obtained 
by incubation of sera with recombinant Asfl A coupled to 
CNBr-activated Sepharose (GE Healthcare Life Sciences). 
Specific antibodies to AsfIA were eluted from the column 
with 0.1 M triethylamine (pH 11.5), and the eluted frac- 
tions were neutralized with 1 M Tris-HCl (pH 7.4) and 
kept at 4°C in the presence of 2mg/ml BSA. Anti- 
Trypanosoma cruzi (3-tubulin antibodies were prepared as 
described previously (39). Anti-histone H4 was obtained 
from Abeam and anti-T. cruzi histone H4 acetylated at 
lysine 4 was prepared as described previously (40). Anti- 
histone H3 was obtained from Abeam and anti-acetylated 
histone H3 from Upstate Biotechnology. The monoclonal 
anti-Myc 9E10 (41) was used as ascitic fluid. 

SDS-PAGE, western blot, immunofluorescence and 
pulldown assays 

Protein samples were separated by 12.5% SDS-PAGE 
and transferred using the semidry apparatus (Bio-Rad) 
to nitrocellulose membranes for 20min at 20 V. 
Membranes were then treated for 2h with phosphate- 
buffered saline (PBS) with 5% non-fat dry milk and 
0.1% Tween 20, and incubated in the same buffer with 
primary antibodies for 1 h. After three washes in PBS with 
0.1% Tween 20, bound antibodies were detected with anti- 
IgG-peroxidase conjugates (Life Technologies) and 
chemiluminescent peroxidase substrate (Millipore). 

For immunofluorescence analysis, exponentially 
growing cell culture samples were mixed with the same 
volume of 4% paraformaldehyde in PBS and incubated 



for 20 min. Cells were washed twice with PBS, resus- 
pended to 1 x 10 7 cells/ml and added onto glass slides. 
After 5 min, attached cells were treated with 0.1% 
Triton X100 in PBS for 5 min. After three washes in 
PBS, the slides were incubated with 2% FBS in PBS for 
1 h, incubated with primary antibodies diluted in blocking 
solution, washed again in PBS and stained with anti-IgG 
coupled to Alexa 488 or to Alexa 594 (Life Technologies), 
diluted in the blocking solution containing lOug/ml of 
4',6-diamidino-2-phenylindole (DAPI) and mounted in 
ProLong Gold anti-fading reagent (Life Technologies). 
Serial images (0.2 um) were collected using a lOOx object- 
ive 1.40 numerical aperture using the Cell'M software 
(Olympus Europe) in a motorized Olympus IBX61 micro- 
scope. Images were processed by blind deconvolution 
using Autoquant X 2.2 (Media Cybernetics). 

For in vitro pulldown assays, Asfl paralogs in pMAL- 
c2X were transformed into E. coli Rosetta Blue (Novagen) 
and cells were grown in selective media (Luria-Bertani 
medium supplemented with lOOug/ml ampicillin and 
34ug/ml chloramphenicol) to an OD 60 o of 0.5-0.6 before 
induction of protein expression with 1 mM isopropyl 
(3-D-l-thiogalactopyranoside for 1 h at 37°C. Cells were 
resuspended in lysis buffer (25 mM HEPES, pH 7.5, 
150mM KC1, 10% glycerol, 12.5mM MgCl 2 , 1 mM 
DTT and 1 mM PMSF) and lysed using a Bioruptor 
(Diagenode). Pulldown assays were performed as 
described (11) using whole bacteria extracts. 
Recombinant T. brucei histones H3, H4, H3V and H4V 
(TriTryp database IDs Tb927.1.2510, Tb927. 5.4170, 
Tb927. 10. 15350, Tb927.2.2670, respectively) were ex- 
pressed in E. coli BL21 (manuscript in preparation), 
purified from inclusion bodies and refolded as described 
(42). MBP fusion proteins were detected by western blots 
analysis using a monoclonal rat MBP antibody (gift from 
E. Kremmer). Histones H3 and H4 (and their variants) 
were detected using a polyclonal rabbit antibody (43) 
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or a polyclonal peptide antibody (44), respectively. 
Secondary antibodies [IRDye 800CW goat anti-rabbit 
and IRDye 680LT goat anti-rat (LI-COR Biosciences)] 
were detected with an Odyssey infrared imaging system 
(LI-COR). For pulldown assays with trypanosome 
whole cell extracts, 2x 10 7 PCF were harvested (1300g, 
lOmin, 4°C) and washed in cold PBS. The cell pellet 
was resuspended in lysis buffer [25 mM HEPES, pH 7.5, 
150mM KC1, 10% Glycerol, 12.5mM MgCl 2 , 1 mM 
DTT, ImM PMSF and Protease inhibitor cocktail 
(Roche)] and lysed by three freeze and thaw cycles using 
liquid nitrogen, followed by 10 sonication rounds (30 s on 
and 30 s off) using a Bioruptor (Diagenode). Cell extracts 
were cleared by centrifugation (10.000 g, lOmin 4°C) and 
treated with DNasel (Thermo Scientific) for lOmin at 
37°C. MBP-tagged Asflc or Asfln were incubated with 
the trypanosome cell extract and pulldown assay was per- 
formed and monitored as described earlier in the text. 

Cell cycle analysis 

For cell cycle analysis, parasites were centrifuged for 
lOmin at 2000 g. The cells were resuspended and washed 
in PBS and finally resuspended in cold ethanol:PBS (1:1). 



After 1 h incubation on ice the cells were centrifuged, 
washed in PBS twice and incubated 30min with lOug/ml 
RNAse and 1 ug/ml propidium iodide (PI) diluted in PBS. 
The cells were washed once in PBS and analyzed by flow 
cytometry using a FACSCalibur (BD Biosciences). 



RESULTS 

The T. brucei Asfl have different cellular localizations 

To start the characterization of the different histone chap- 
erones, we analyzed their cellular distribution by indirect 
immunofluorescence analysis (IFA). Surprisingly, IFA 
showed that the protein previously called Asfl A in 
T. brucei (25,26) is mainly localized in the cytosol, 
whereas AsflB is mostly found in the nucleus of procyclic 
and bloodstream forms (Figure 2A and B, respectively). 
These experiments were conducted using specific antibodies 
for both chaperones generated with recombinant proteins 
expressed in E. coli. Specificity of the affinity-purified 
antibodies was confirmed by western blot analysis using 
recombinant Asfl proteins (Supplementary Figure S2). 
Recombinant Asfl A and AsflB proteins migrated in 
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Figure 2. T. brucei AsflA is nuclear, whereas AsflB is predominantly cytosolic. Panels (A) and (B) show IFA of procyclic and bloodstream 
T. brucei, respectively, using specific anti-AsflA and anti-AsflB antibodies (antibody), DAPI to stain DNA, merged and DIC images. Panel 
(C) shows IFA using anti-Myc monoclonal antibody, DAPI staining, merged images and DIC of wild-type procyclics (427) or procyclics expressing 
the endogenously 12xMyc-tagged versions of Asfl or AsflB. Panel (D) shows representative images of procyclics containing the plasmids pRP- 
AsflA and pRP-AsflB, which enable induced overexpression of proteins tagged with a 6xMyc peptide at the N-terminus. The analysis was 
performed in cells after 48 h without (— Tet) or with tetracycline-induced (+Tet) protein overexpression. Bars = 5 um. 
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Figure 3. Cytosolic but not nuclear Asfl overexpressors show increased levels of acetylated forms of histone H3 and H4. Control (-) or parasites 
overexpressing (+) Asflc (panel A) or Asfln (Panel B) were stained with specific antibodies against acetylated histone H3 (right) or acetylated histone 
H4 (left), both in red. DNA is stained with DAPI. Bars = 3 urn. Panels (C) and (D) show the quantification of the fluorescence intensity 
(means ± standard deviations) for AcH3 and AcH4K4, respectively, in Asfl -overexpressing cells (n = 35 each). The asterisk indicates significant 
differences as determined by Student's Mest (P < 0.05). (C) The same parasites were used for western blot analysis using antibodies specific for 
histone H3 and H3Ac (E) or histone H4 and H4K4Ac (F). The ratio between acetylated and total histones is shown below the panels. Similar 
amounts of protein were separated in the gel as assessed by Ponceau S labeling. Similar ratios were obtained in two additional experiments, for each 
histone. 



SDS-PAGE corresponding to 25 and 40 kDa, respectively, 
rather than the predicted 19 for Asfl A and 21 kDa for 
AsflB. However, accurate expression and purification of 
both proteins could be confirmed by mass spectrometry 
analysis (data not shown), indicating that this abnormal 
migration pattern must be due to SDS-gel artifacts. 

As Asfl is located in the nucleus of most organisms, we 
wondered if the cytosolic localization of Asfl A was due to 
a cross-reaction of the antibodies. Therefore, PCF were 
stably transfected with plasmids that allowed expression 
of the Myc-epitope fused to the N- and C-terminus of 
both Asfl. As shown in the Figure 2C, expression of 
the protein tagged with 12xMyc at the C-terminus 



confirms that Asfl A is present in the cytosol, whereas 
AsflB is concentrated in the nucleus. Similar results 
were obtained with a 6xMyc at the N-terminus 
(Supplementary Figure S3). Therefore, we changed the 
nomenclature of Asfl A to Asflc and of AsflB to Asfln 
because the T. brucei AsflB is more similar to Asfl A in 
other organisms. 

Asflc overexpression causes changes in histone H3 and 
H4 acetylation levels 

As it has been previously shown that Asfl controls the 
acetylation of histone H3 in yeast (45), we examined 
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Figure 4. Knockdown of each Asfl arrests the cells at different positions in S phase. (A) Growth curve of parasites after induction (+Tet, open 
squares) or no induction (—Tet, closed circles) of RNAi targeting Asflc (left panel) or Asfln (right panel). The values are means ± standard 
deviations (n = 4). Asterisks indicate statistically significant differences (/ > <0.05). (B) Western blot analysis of whole parasite cell extracts 
obtained from non-induced (— ) or Tet-induced for 48 h (+) incubated with anti-Asflc and anti-Asfln antibodies. Tubulin served as a loading 
control. (C) Representative flow cytometer histograms of 10 000 events of both knockdown cell lines incubated without (— ) or with Tet for 24 and 
48 h (+). The peaks correspond to single and double genomic DNA content (CI and C2, respectively), and the dark gray area corresponds to cells in 
S phase (D) Graphic showing the percentage of cells in different stages of the cell cycle after 48 h of treatment with (+) or without (— ) Tet for 
induction of RNAi (Gl populations with 1 kinetoplast and 1 nucleus (1K1N) are shown in black, S (2K1N) in gray, and G2 (2K2N) in white bars) 
scored by microscopic examination of cells stained with DAPI. Bars with asterisks indicate statistically significant differences using Student's Mest 
P < 0.055 after counting at least 40 cells in each situation. 



whether overexpression of Asfl proteins would also affect 
histone acetylation levels in T. brucei. Cells overexpressing 
the cytosolic Asflc, but not Asfln, showed an increased 
labeling for acetylated histone H3 (Figure 3A) and 
acetylated lysine K4 of histone H4 (H4K4) (Figure 3B) 
by IFA. A quantitative analysis of the immunofluores- 
cence showed a slight but significant increase in H3 acetyl- 
ation labeling and a 2.5-fold increase of H4K4 labeling 
after overexpression of Asflc (Figure 3C and D). As im- 
munofluorescence labeling depends on antigen accessibil- 
ity, we performed western blot analyses and confirmed 
that the acetylated histone levels increased and that this 
is not a result of increased total amounts of histone H3 or 
H4 (Figure 3E and F). In summary, these data confirm 
that only overexpression of cytosolic Asfl increases the 
levels of histone H3 and H4K4 acetylation. 

The two Asfl act in different phases of the cell cycle 

Both T. brucei Asfl proteins are required for accurate cell 
cycle progression because knockdown of each one caused 



cell cycle arrest in S phase (25). When we reexamined the 
knockdown phenotypes of Asfl proteins, we observed a 
decrease in cell growth in both cases (Figure 4A). The 
levels of both proteins were barely affected 24 h after 
RNAi induction (data not shown) but decreased substan- 
tially after 48 h (Figure 4B). Nevertheless, defects in cell 
cycle progression observed by flow cytometry analysis 
could be detected already 24 h after RNAi induction and 
were more evident after 48 h (Figure 4C). Trypanosomas 
with depleted Asflc showed relatively more cells with 
DNA content compatible with cells in S phase, whereas 
Asfln RNAi causes an accumulation of cells with DNA 
content compatible with cells moving to the G2 phase, as 
estimated by flow cytometry. As the kinetoplast (K), 
which consists of thousands of mini-circle DNA that 
form the mitochondrial genome, divides ahead of the 
nucleus, it could be used to confirm these findings by 
microscopic analysis. The results shown in Figure 4D 
indicate that more cells with 2 kinetoplasts and 1 
nucleus (2K1N) are found after Asflc knockdown 
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Length 



Figure 5. Asflc accumulates in the nucleus during S phase. Localization of endogenously 12xMyc-tagged Asflc was analyzed by immunofluores- 
cence with anti-Myc antibodies. Cells in different cell cycle phases were scored by DAPI staining. Panel A shows representative images of Gl, S, 
S/G2 and G2 phase cells and panel B the quantitative analysis of the DAPI and Alexa 488 fluorescence intensity on a line passing through the 
kinetoplast (K) and nucleus (N). Data analysis was performed on the entire Z-stacking. Panel C shows the mean fluorescent intensity (;; = 30) in the 
nucleus length for cells in Gl, S, S/G2 and G2 phase. 



compared with Asfln-depleted cells. Consistently, 2K2N 
cells are more frequent in Asfln knockdowns. These ob- 
servations might suggest that the cytosolic Asfl is import- 
ant in earlier stages of the cell cycle compared with the 
nuclear Asfl. 

Next, we examined the distribution of the cytosolic Asfl 
during cell cycle progression. By using the cell line express- 
ing an endogenous 12xMyc-tagged version of Asflc, we 
could detect it clearly in the cytosol of the parasite during 
most phases of the cell cycle (Figure 5A). However, we 
noticed that the majority of Asflc migrates into the 
nucleus in S phase. This could be better visualized by 
measuring the pixel intensity along a line from the kineto- 
plast (K) to the nucleus (N). Examples are shown in 
Figure 5B. An overlay of the mean fluorescence intensity 
of several curves across the nucleus and kinetoplast was 
plotted against the line length for each cell cycle phase 
(Figure 5C). This plot clearly indicates that cells in 
S phase have larger amounts of Asflc near the nucleus 
compared with nuclei in other cell cycle phases. 
A similar accumulation of Asflc in toward the nucleus 
was observed in non-transfected cells using the anti- 
Asflc antiserum (Supplementary Figure S4A), indicating 
that this effect is not due to the tag incorporation or 
overexpression of the protein. 

In contrast, Asfln remains inside the nucleus through- 
out the cell cycle. Remarkably, we observed an increase 
in the labeling intensity during cell cycle progres- 
sion, with higher fluorescence intensity appearing in 
G2 cells. The intensity of Asfl signals relative to DAPI 
staining doubles from Gl to G2 phase and was observed 
in tagged (Figure 6) and untagged parasites 
(Supplementary Figure S4B). The fact that Asfln 



progressively increases until G2 phase of the cell cycle, 
whereas Asflc accumulates in the nucleus in S phase, 
supports the hypothesis that the cytosolic Asfl acts in 
early and the nuclear Asfl in late S phase. 

The two Asfl overexpression have different effects on 
DNA damage sensitivity 

Several studies have demonstrated that Asfl chaperones 
play an important role in chromatin remodeling during 
DNA damage repair (46). To address how T. brucei 
Asfl homologs affect DNA repair, we examined the 
growth of parasites overexpressing Asflc and Asfln 
after y-irradiation or MMS treatment. The overexpressed 
Asflc and Asfln proteins localize in the cytosol and 
nucleus, respectively, as described for the endogenously 
tagged versions (Figure 2D) and do not affect growth 
under normal conditions (Figure 7A). These proteins are 
significantly overexpressed. Endogenous protein levels 
were low and were not detectable in comparable experi- 
ments (Figure 7B). Cells with normal Asfl levels (non- 
induced) stop growing on treatment with 0.001% MMS 
(Figure 7C). In contrast, Asfln overexpressing parasites 
continue to grow for 24 h before they start to die two days 
after treatment, as judged by lost of motility and refrin- 
gence. Overexpression of the cytosolic Asfl causes initially 
more cell death. Similarly, the Asfln overexpressor 
submitted to y-irradiation showed a longer initial growth 
period with a poor recovery after three days of treatment 
(Figure 7C), suggesting that cells accumulate unrepaired 
DNA damage. Asflc overexpressors are initially more 
sensitive to y-irradiation, but the cells recover faster. 
Importantly, overexpressed Asflc does not accumulate 
inside the nucleus after y-irradiation or MMS treatment 
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Figure 6. Asfln levels increase during the S phase of the cell cycle. 
Parasites expressing endogenously 12xMyc-tagged Asfln were 
analyzed by immunofluorescence with anti-Myc antibodies throughout 
the cell cycle. Panel A shows representative images of Gl, S, S/G2 and 
G2 phase cells and Panel B the quantitative analysis of the fluorescence 
intensity in the nucleus of the entire Z-stacking using ImageJ software. 
The values are mean ± standard deviation (n = 50). Asterisks indicate 
significant differences as determined by Kruskall-Wallis test (P < 0.05). 

(data not shown), indicating that its effect occurs in the 
cytosol. These results suggest that the two isoforms have 
different functions after DNA damage. 

Cytosolic Asfl binds to H3/H4 dimers in vitro 

To gain more insights into the different functions of Asfl 
proteins in trypanosomes, we decided to analyze the 



binding capacity of the chaperones to histone H3/H4 
dimers. To elucidate direct interactions, we chose a cell- 
free system based on recombinant proteins. Asflc- or 
Asfln-MBP fusion proteins were expressed in E. coli, 
and cell extracts were incubated with recombinant 
H3/H4 complexes. Interactions of Asfl proteins were 
analyzed by western blot after isolating the complexes 
with amylose-coupled beads. Interestingly, only the cyto- 
solic Asfl but not the nuclear Asfl could bind H3/H4 
complexes in vitro (Figure 8A). To test for potential spe- 
cificity of the different Asfl proteins for histone variants, 
we repeated this experiment with complexes made with 
histone H3 and H4 variants (H3V/H4V). Again only 
Asflc could bind to recombinant variant histones 
(Figure 8B). Surprisingly, it was not possible to pulldown 
histone H4V in this assay. This suggests a direct inter- 
action of the cytosolic Asfl with histone H3 or H3V. 
Histone H4V is probably lost in this assay because the 
variant dimer is less stable than the canonical H3/H4 
complex as shown before for the H2Bv/H2AZ variant nu- 
cleosome complex (47). The fact that Asfln does not bind 
to recombinant histones (PTM) at all might be due to the 
lack of post-translational protein modifications on 
histones expressed in E. coli. To test the hypothesis that 
histone PTMs are a prerequisite for interaction with 
Asfln, we repeated the pulldown assay using whole tryp- 
anosome cell extracts instead of recombinant proteins 
(Figure 8C). Interestingly, both chaperones could bind 
to histones from whole cell extracts with the same effi- 
ciency supporting the idea that Asfln binds specifically 
modified histone complexes in the nucleus. 



DISCUSSION 

Here we showed different subcellular localization and 
binding activity, which might be associated with distinct 
functions for T. brucei Asflc (Asfl A) and Asfln (AsflB). 
Initially, we demonstrated that the two Asfl of T. brucei 
are mainly found in distinct cellular localizations in the 
two major developmental forms of the parasite. These dif- 
ferences were observed by using specific antibodies and 
tagged proteins, showing that Asfl A is distributed 
throughout the cytosol, but accumulates in the nucleus 
in S phase, whereas AsflB is found mostly inside the 
nucleus. 

The mainly cytosolic localization of Asfl A is in contrast 
to the localization of Asfl in several other eukaryotes 
(48,49), although small cytosolic fractions of Asfl were 
detected in complexes of freshly synthesized histone H3 
and H4 (24). Asfl is also found in the cytosol of rapidly 
dividing Drosophila embryos, but accumulates in the 
nucleus and associates with chromatin during each 
S phase (50). The nuclear localization of Asfl is 
assumed to be a consequence of the import of the H3/ 
H4-Asfl complex carried out via histone recognition 
(51), which makes the mainly cytosolic localization of 
Asflc in T. brucei intriguing. Perhaps in trypanosomes, 
Asflc is found free of histone H3/H4 dimers, and it is 
imported to the nucleus when the histones are synthesized 
in S phase. The import of Asflc into the nucleus might 
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Figure 7. Overexpression of nuclear Asfl, but not cytosolic Asfl, promotes growth but impairs recovery after DNA damage. Procyclics transfected 
with plasmids coding for an inducible system to overexpress Asflc (circles) or Asfln (squares) were incubated with (dark symbols) or without Tet 
(empty symbols) for 24 h. (A) The cells were grown without DNA damaging (control). (B) Overexpression of induced proteins were monitored by 
western blot with anti-Myc (left panels), anti-Asflc or anti-Asfln antibodies (right panels) in non-induced (— ) or induced (+) cells. The cells were 
incubated with 0.001% MMS (C) or subjected to y-irradiation (40 Gy) (D) maintained in the presence or absence of Tet and counted daily. The 
numbers are mean cell concentrations ± standard deviation of three independent experiments. Asterisk indicates significant differences between 
induced and non-induced parasites, calculated by Student's (-test (/><0.05). We could not detect the 6xMyc-tagged at the endogenous locus by 
western blot, although it was clearly observed by immunofluorescence analysis. Nevertheless, both Asfl proteins endogenously tagged with 12xMyc 
were detected by western blot. 




Figure 8. Cytosolic but not the nuclear Asfl binds to histones in vitro. (A) Bacterial extracts containing MBP-tagged Asflc or Asfln were incubated 
with purified histone H3/H4 complexes. Protein interactions were tested by pulldown assays and monitored by western blot analysis. H3/H4 input 
samples are shown in the lower panel. M BP was used as control. Full-length fusion proteins are marked with white asterisks (B) Interaction of MBP- 
tagged Asfln and Asflc with histone variant complexes (H3V/H4V) were analyzed as described previously. (C) Purified MBP-tagged Asflc or Asfln 
were incubated with PCF trypanosome whole cell extracts from 3 x 10 7 cells for each pulldown. Protein interactions were analyzed as described 
previously. 
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occur through binding to H3/H4 dimer and mediated by 
other proteins as shown in other organisms (52), whereas a 
nuclear localization signal is present in Asfln 
(VSPTKKKARCE and DVKEKDHNGHAAYDDEAK 
VPEGVSPTKKKAR) predicted by cNLSMapper (http:// 
nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form. 
cgi). Therefore, we cannot exclude the possibility that 
T. brucei Asflc plays other roles in addition to histone 
binding in the cytosol, at least when cells are not in 
S phase. Nevertheless, our data support the notion that 
the cytosolic Asfl possesses histone chaperone functions. 
First, it accumulates in the nucleus in S phase. Second, 
when depleted it arrests the cells in early S phase. Third, 
when overexpressed, it increases the level of H3/H4 acetyl- 
ation, known to be dependent of Asfl and nuclear trans- 
port (51). And finally, Asflc but not Asfln is able to bind 
unmodified H3/H4 tetramers. Therefore, it is likely that 
Asflc in T. brucei mediates the delivery of newly 
synthesized H3/H4 complexes to a nuclear envelope trans- 
porter. In contrast, Asfln is able to bind histone if they are 
modified, as suggested by the immunoprecipitation experi- 
ments using whole cell lysates, and, therefore, it would act 
inside the nucleus. We cannot exclude, however, the pos- 
sibility that Asfln itself has to be modified to become 
active, or additional components might be necessary to 
form a chaperone/histone complex. 

Although Asfl proteins are highly conserved, there are 
species differences regarding the acetylation requirements 
for nuclear import of histones. In yeast, Asfl stimulates 
the acetylation of histone H3 by Rttl09 targeting the ly- 
sines 9, 23, 56 and 27, the latter dependent on the presence 
of Vps75, another chaperone, most likely in the cytosol 
(53-56). In contrast, human Asfl promotes the cytosolic 
acetylation of lysines 5 and 12 of H4 by Hatl (24). In this 
case, following translation, histone H3 binds to HSC70 
chaperones. The histone is then transferred to HSP90, 
which assembles the H3/H4 heterodimer with the help of 
co-chaperone tNASP. The heterodimer binds to chaper- 
one sNASP, exposing the C-terminal domain of histone 
H4 to the RbAp46 protein, allowing the binding of the 
acetylase Hatl, which acetylates histone H4 at lysines 
5 and 12. After acetylation, the heterodimer H3/H4 is de- 
livered to AsflB and this complex binds to importin-4, 
which mediates nuclear import. These modifications 
seem to be required because depletion of Hatlp is lethal 
for human cells, whereas in yeast mutations of K5 and 
K12 of the histone H4 does not affect transport and 
histone incorporation in the nucleus (57). Similar acetyl- 
ation sites are present in trypanosomes (47,58,59). 
Additionally, we observed that single mutations in the 
H4 acetylation sites do not prevent nuclear import and in- 
corporation in the chromatin (manuscript in preparation). 

T. brucei Asfln is always present in the nucleus, and its 
expression seems to increase during cell cycle progression 
until cell division. This observation is compatible with a 
role in chromatin deposition during DNA replication, 
which involves other histone chaperones and chromatin 
remodeling factors present in trypanosomes [reviewed in 
(59)]. It is also in line with the observation that Asfln gene 
knockdown causes arrest later in the cell cycle compared 
with Asflc, and that there is no effect on H3/H4 



acetylation when overexpressed. These results also 
support the notion that the nuclear Asfl could exhibit 
histone chaperone functions during the replication 
process, using histones derived from disassembled chro- 
matin (60). It is also possible that Asfln affects replication 
directly as shown in other organisms in which Asfl modu- 
lates the helicase activity of the minichromosome main- 
tenance complex and the progression of the replication 
fork (61). 

In addition, our results indicate that the presence of an 
excess of each Asfl affects the response of cells to DNA 
damaging agents in different ways. Overexpression of the 
nuclear Asfl initially supported growth after damage 
followed by a poor recover. This effect can be explained 
by alterations of checkpoint mechanisms, as shown for 
Asfl of other organisms (46). In human cells, for 
example, Asfl restores the levels of histone H3 acetylation 
of lysine 56 (H3K56Ac), which decreases after DNA 
damage. H3K56Ac is a marker of newly synthesized 
histones and it is required for dephosphorylation of the 
y-histone H2AX and for recovery from cell cycle arrest 
(62). Interestingly, although a homolog of H2AX has 
been recently reported in T. brucei (63), no acetylation 
of H3K56Ac, or a similar residue is reported in trypano- 
somes. Nevertheless, both T. brucei Asfl proteins 
are phosphorylated by TLK1 (25), a member of the 
Tousled-like kinase family, which is involved in cell 
cycle control and checkpoint signaling (64). When 
phosphorylated, Drosophila and human AsflA [ortholog 
of Asfln (AsflB) of T. brucei] show an increased stability 
(64), which might be involved in checkpoint regulation 
(6,49,65,66). Therefore, an excess of Asfln in T. brucei 
could compensate for its degradation and/or phosphoryl- 
ation preventing cell cycle arrest after DNA damage, ex- 
plaining the poor recovery after accumulation of DNA 
breaks, similar to the situation described in yeast (7). 
The nature of DNA damage checkpoints are largely 
unknown in trypanosomes (67), which do not possess 
homologs of the Rad53 kinase, an enzyme that mediates 
replication arrest in many organism (68). Similarly, we 
observed that overexpression of an AsflA homolog 
caused an increased sensitivity to genotoxic agents by 
affecting chromatin remodeling during DNA repair in 
Leishmania major (69). 

In contrast, an excess of Asflc initially reduces cell 
growth after DNA damage followed by a normal 
recover. This effect could be a consequence of the 
increasing levels of histone acetylation, known to affect 
the chromatin structure and DNA repair in several eu- 
karyotes (70), including trypanosomes (71). Accordingly, 
we found that the acetylation of lysine 10 and 14 of 
histone H4 increases in T. cruzi during repair of DNA 
double strand breaks caused by y-irradiation (72). In 
addition, we can exclude a role of the cytoplasmic Asfl 
in the checkpoint, as it did not migrate to the nucleus after 
DNA damage. 

T. brucei telomeres contain several genes coding for the 
VSG, which forms a surface coat in bloodstream forms of 
the parasite (73). A single VSG gene is expressed at any 
given time and when the mammalian host generates 
antibodies to this VSG, some cells in the population that 
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have switched to a new VSG gene, will escape the host's 
immune response (74). One mechanism of changing the 
VSG is dependent on homologous recombination after a 
double strand break event near the telomere and requires 
chromatin-remodeling proteins and histone chaperones 
(75,76). Furthermore, depletion of the cytosolic Asfl by 
RNAi partially activates silent VSGs (26), probably by 
changing the acetylation levels in the histones. 

In conclusion, we show that the two Asfl proteins in 
T. brucei acquired distinguishable cellular localizations 
and functions during evolution of this parasite. This di- 
vergence is mainly based on variations in the C-terminus, 
known to be involved in interactions of Asfl with regula- 
tory factors (6). A more recent divergence also occurred in 
vertebrate organisms (77). In the case of trypanosomes, it 
might be an adaptation to the unique control of gene 
expression. Further studies with this parasite as a model 
system can help to understand the multiple functions of 
Asfl proteins. 
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